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MinireviewLoading Rho
to Terminate Transcription
The two most significant insights derived from the
structures are how the RNA binding domains in each of
the six subunits are organized and the fact that the
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800 East Kirkwood Avenue gapped ring is a stable species. This new information
Bloomington, Indiana 47405 allows the suggestion of a very reasonable and elegant
model for how Rho can initiate its interactions with the
nascent transcript and how it can load onto the RNA
and convert to a state that can translocate RNA.
In bacteria, one of the major transcriptional termina- Rho is a hexamer of identical subunits. The first 125
tion mechanisms requires a hexameric RNA/DNA heli- residues of a protomer comprise a separate domain,
case known as Rho. One question that has remained which by itself can bind to C-rich RNA (or DNA) oligonu-
unanswered is how the helicase loads onto a nascent cleotides. It is thus termed the RNA binding domain. Its
transcript so that it can initiate actions on the tran- structure, which was determined a few years ago by
script to cause termination. Recent structures of Rho two groups, consists of a three-helix bundle followed by
bound to nucleic acid by Skordalakes and Berger a 5-stranded -barrel with an OB-type fold, a structure
(2003) show how the individual RNA-binding domains found in a number of single-stranded nucleic acid bind-
of the 6 subunits are organized and that the ring is split ing proteins (Allison et al., 1998; Bogden et al., 1999).
open. The opening is wide enough to accommodate In the crystals of intact Rho, the tertiary structures of
single-stranded RNA and suggests that this conforma- the 6 RNA binding domains are very similar to that solved
tion is poised to load onto mRNA. for the isolated domain. The remaining 290 residues
contain the binding site for ATP. The sequence in this
While starting transcription at just the right place and C-terminal domain is closely related to the sequences
time is important you also need to know when to stop. of the corresponding parts of the  and  subunits of
There are at least two different ways to terminate tran- the F1 ATPase. Hence, the structure of the F1 ATPase
scription in Escherichia coli and other prokaryotes. One has served as a template to build reasonable models
is called intrinsic termination and the other depends on for the tertiary structure of that domain and for the orga-
a protein factor called Rho. Rho works by first binding nization of six of those domains into a ring-shaped struc-
to an exposed segment of a nascent transcript emerging ture (Miwa et al., 1995). The crystal structure of Rho
from the exit site of RNA polymerase. It then acts to shows that indeed the F1 ATPase was an excellent tem-dissociate the RNA from its complex with the polymer- plate for the tertiary structure of the C-terminal domain
ase and DNA template using step-wise physical forces
and that aside from the gap in the ring a good rough
on the RNA derived from alternating conformations in
guide for the quaternary organization.
the protein that are coupled to coordinated rounds of
The structure of the intact Rho was needed to deter-
ATP hydrolysis (Richardson, 2002; von Hippel and Dela-
mine how the RNA binding domains were connected togoutte, 2001).
the C-terminal domains. Looking down the ring axis fromA significant breakthrough in the understanding of
the side with the RNA binding domains, these domainshow Rho acts on a transcript has come from the determi-
form the walls of a skewed, cup-shaped structure innation of structures of the protein in crystals of two
which the domains are oriented with the RNA bindingdistinct complexes with RNA and ATP mimics. By dint
clefts of the OB-folds facing inward, toward the ringof persistence, good insights and great skill, E. Skorda-
axis. The clefts on each subunit lie equidistant fromlakes and J.M. Berger (2003) succeeded in obtaining
each other around the inside of this cup and each iscrystals of Rho from E. coli, thus allowing a direct com-
oriented at an angle of 75 to a plane perpendicular to theparison of the structure with existing information on its
ring axis. With both the RNA and DNA oligonucleotidephysical and biochemical properties. The two com-
mimics, density for the nucleic acid was detected in 5plexes, one a co-crystal with a 15-mer A,C-rich single-
of the 6 subunits and in all cases a dinucleotide wasstranded DNA, the other with an 8-mer RNA of (rC-rU)4
found to make the same set of contacts as in the co-and a nonhydrolyzable ATP analog, AMPPNP, gave very
crystal of RNA oligonucleotides with the isolated domainsimilar general structures. Both complexes are of a
(Bogden et al., 1999). The sites are all oriented so thatstructural unit containing 6 subunits, the number ex-
the 3 side of the contacting dinucleotide was towardpected for the functional form of Rho. However, instead
the C-terminal domain. With the RNA and DNA oligon-of having an intact ring structure, which is the most
cleotides used, no electron density for nucleic acid wascommon form seen in electron micrographic (EM) im-
detected outside of the two nucleotides in direct contactages of Rho, both were in the form of a gapped ring
with each of the RNA binding domains. Considering thatthat resembles a lock washer, a form that had also been
the minimal distance between the 3 and 5 ends ofseen in EM images (Gogol et al., 1991). For good rea-
successive dinucleotide contact sites is 35 A˚, the 6 RNAsons, Skordalakes and Berger have termed this form
binding domains could become filled with at least 60the “loading” conformation.
nucleotides from a single RNA that would follow a zig-
zag path from one subunit to the next. The dotted blue*Correspondence: richardj@indiana.edu
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the bottom of the cup, an RNA that has filled the last of
the clefts would then naturally be directed right into the
narrow passage of the secondary RNA binding site
formed by the Q-loops.
One reason for calling the notched forms of the Rho
hexamer a loading form was because in the crystals
with AMPNP (the ATP mimic), the nucleotide did not
make the standard contacts with the ATPase signature
segments of Rho and a magnesium ion was not evident.
It is presumed that contacts of RNA with the Q-loops
would trigger the changes that convert the ATP binding
sites to conformations that would be active for ATP
hydrolysis. It is also presumed that these changes would
also convert Rho from the notched form to a fully closed
ring. Once closed, actions of the Q-loops on the RNA
that are coupled to ATP hydrolysis would cause the RNA
to be translocated in a 5 to 3 direction through the
center of the ring. Clearly the next major challenge to
understanding this mechanism is to obtain crystals of
Rho with RNA and nucleotides that have the RNA pass-
ing through the secondary RNA binding site.
In a cell, Rho acts to cause termination at the ends
of genes, at some attenuator sites preceding genes, and
can cause premature termination of a transcript within a
gene if the nascent RNA is not being translated normally
(Richardson, 1991). In all cases the ability to terminate
is governed by the ability of Rho to load onto the RNA.
Although Rho does have a strong preference of binding
to C-rich, single stranded RNAs, a number of transcripts
have sequence segments with those properties. As a
consequence, the major determinant of Rho functionFigure 1. The Diagram Shows a Nascent RNA (blue dashes) Emerg-
ing from the Exit Site of RNA Polymerase and Zig-Zagging through is the absence of the ribosome on an extended (60
the 6 RNA Binding Domains of the Primary Site of Rho nucleotide) segment of RNA emerging from RNA poly-
A ribosome is shown on the 5 side of the RNA. The downstream merase. In a typical operon, a ribosome loads onto the
portion of DNA is shown emerging from the cleft in RNA polymerase. nascent RNA as soon as its attachment site is accessible
The upstream portion, which is not shown, would emerge behind and translates the RNA at a rate that is synchronous
Rho in this view.
with the rate of transcript elongation. Thus, very little
RNA would be accessible to Rho between the ribosome
and the exit site of RNA polymerase. This situation
line in Figure 1 shows this path. The overall size of this changes at the end of the operon. At that point the
extended site is consistent with what is known about ribosome is no longer progressing along the RNA so
the minimum sequence requirements for Rho to cause the segment emerging from RNA polymerase becomes
termination ( 60 residues; Hart and Roberts, 1994) and accessible. Figure 1 shows a diagram of Rho in the
with the size of poly(C) that is protected by Rho from process of loading onto a segment of RNA from the
RNase digestion (Galluppi and Richardson, 1980; Bear 3 end of an operon. A ribosome stopped but not yet
et al., 1988). released from the last termination codon blocks the 5
This extensive RNA binding site comprised of the 6 segment of the RNA. RNA polymerase has progressed
RNA binding domains is called the primary site. It is the another 70 or so nucleotides down the DNA, producing
site that initiates the interaction of Rho with the RNA enough free RNA to fill the extended primary binding
that is emerging from the exit site of the RNA polymer- site. As more RNA is being made it can slide into the
ase. This site can also interact with single-stranded DNA. narrow cleft formed by the Q-loops. Once this secondary
However, Rho action is dependent upon specific inter- site is filled the ring could close and ATP hydrolysis
actions with RNA (activation of ATP hydrolysis and heli- would become activated. A round of ATP hydrolysis
case function are both specific for RNA). This specific could then be coupled to a round of conformational
interaction occurs in the secondary binding site, which changes in the Q-loops that pull the RNA one step along
was found recently to involve the Q-loops in the the channel in the ring. After multiple steps, this action
C-terminal domain (Wei and Richardson, 2001). In the would bring Rho into direct contact with RNA polymer-
notched ring structure, the Q-loops of the 6 subunits ase and further steps would presumably be sufficient
extend into the center of the ring, thus forming the nar- to pull the RNA step-wise through the exit channel, pos-
rowest opening in the ring (see Figures 3A and 3B in sibly coupled to a forward translocation of the polymer-
Skordalakes and Berger, [2003]). They also form the ase along the template, as Yarnell and Roberts (1999)
bottom of the skewed cup. Because the clefts in the OB found for the mechanism of intrinsic termination.
folds in the primary site domains are oriented so that This scenario is consistent with the known spacing
between the translation termination codon of the bacte-the 3 end of the RNA would be directed down toward
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Nudler, E., and Gottesman, M.E. (2002). Genes Cells 7, 755–768.riophage  cro gene and the 3 end of the transcript
Pasman, Z., and von Hippel, P.H. (2000). Biochemistry 39, 5573–isolated from cells, a distance of 90 nucleotides (Court
5585.et al., 1980). Of these, 8 would be protected by the
Richardson, J.P. (1991). Cell 64, 1047–1049.ribosome, 60 would be in Rho’s primary binding site,
Richardson, J.P. (2002). Biochim. Biophys. Acta 1577, 251–260.another 12 would be needed to pass through the hexam-
Skordalakes, E., and Berger, J.M. (2003). Cell 114, 135–146.eric ring and, finally, 14 would be buried within RNA
von Hippel, P.H., and Delagoutte, E. (2001). Cell 104, 177–190.polymerase.
For transcripts that are not translated, Rho’s require- Wei, R.R., and Richardson, J.P. (2001). J. Biol. Chem. 276, 28380–
28387.ment for an extended single-stranded segment on the
Yarnell, W.S., and Roberts, J.W. (1999). Science 284, 611–615.RNA target is a main reason why it does not load onto
highly structured tRNA transcripts (although it does load
onto 3 tails of tRNA transcripts) and is partially responsi-
ble for why it does not load onto rRNA transcripts. How-
ever, to further protect the rRNA transcripts from possi-
ble termination by Rho, signals at the start of rRNA
transcripts direct the formation of a complex on the RNA
polymerases causing them to shun Rho (Condon et al.,
1995).
In the cell, the function of Rho at some terminators
depends on the presence of NusG (Nudler and Gottes-
man, 2002), a 21 kDa protein that binds to Rho and RNA
polymerase (Li et al., 1993; Pasman and von Hippel,
2000). It has been postulated to form a bridge between
the exit site of RNA polymerase and the entrance site
of Rho and thus could act to assist the loading of Rho
onto RNA emerging from RNA polymerase. Structures
of complexes of NusG with Rho and with RNA polymer-
ase will provide the clues as to how this factor fits into
the loading mechanism.
The ability to obtain good quality crystals of intact Rho
in complexes with RNA and ATP has brought models
for the mechanism of Rho action onto solid ground.
Because Rho does act as an ATPase on well-defined
substrate RNAs, such RNAs can be used to form co-
crystals. The structures of these complexes will likely
reveal specific details of how Rho can use ATP hydroly-
sis to translocate a single-stranded RNA through its
secondary site. Skordalakes and Berger’s breakthrough
has already provided important insights into how Rho
terminates transcription. Further advances will help
solve the more general problem of how hexameric heli-
cases can translocate along single-stranded nucleic
acids.
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